Preirradiation graft polymerization of styrene in a poly(tetrafluoroethylene) (PTFE) film was examined by time-resolved smallangle neutron scattering (SANS). A crosslinked PTFE film, thickness of which is about 50 μm, was irradiated by γ-ray and immersed in a mixed solvent of styrene monomer and toluene. SANS elucidated that graft polymerization proceeds by two reaction processes (I) and (II). In process (I) at 0 < t < 200 min, graft polymerization occurs at an interface between crystalline and amorphous PTFE domains and the grafted polystyrene segregates from PTFE, forming a thin layer with a sharp interface. In process (II) at 200 < t < 600 min, grafted PS layer starts to bridge between crystalline domains. At the end of process (II), 40% of total crystalline PTFE domain is covered by the grafted PS chains.
Introduction
Preirradiation polymerization, using ionizing radiation, was intensively explored in the middle of twentieth century [1] . The Preirradiation method can homogeneously produce free radicals in a solid film specimen. Using a free radical as an active site, graft polymer chains can be introduced on backbone chains composed of a film specimen. It is commercially and industrially available to functionalize a hydrocarbon polymer [2, 3] or particularly to modify a fluoropolymer [4] [5] [6] or engineering plastics [7, 8] .
In this paper, we investigate Preirradiation polymerization of styrene onto poly(tetrafluoroethylene) (PTFE) film, motivated by an excellent picture ( Figure 1 in [8] ). PTFE is well known as an inert material to essentially all common chemicals, except for molten alkali metals or pure oxygens at elevated temperature. PTFE usually forms crystalline structure, which further reinforces chemical resistance. However, when a PTFE film is irradiated by ionizing radiation (step (2) in Figure 1 (a)) and immersed in styrene (St) monomers, the film starts to be swollen by St monomers and graft polymerization occurs homogeneously throughout a whole film. This radical polymerization continues to be living for hours, days, or sometimes months. Consequently, a swelling ratio after polymerization reaches to about 10 as compared to an initial state before polymerization. PTFE is modified into polymer electrolyte membranes useful for electrochemical applications when the grafted PS chain is sulfonated (step (3) in Figure 1(a) ).
In a course of history of radiation chemistry, it was experimentally confirmed that free radicals induced by ionizing irradiation are stabilized in a solid phase of crystal, in which a mobility of polymer chains is strongly restricted so that a recombination reaction between radicals is difficult to occur (see Figure 1(b) ). Monomers, on the other hand, diffuse only into an amorphous matrix from a film surface. When a free radical in a crystalline domain migrates to an interface between crystalline and amorphous domains, it encounters a monomer. Then, graft polymerization starts to occur at the interface between crystalline and amorphous domains.
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This scenario, describing Preirradiation polymerization in a crystalline film, involves interdisciplinary scientific topics, such as (i) production, stabilization, and diffusion of free radicals in a crystalline PTFE domain, (ii) radical polymerization, (iii) phase separation between PTFE and PS chains, and (iv) deformation and breakage of a film by swelling monomer or grafted polymers. These individual processes are coupled with each other to control a radical polymerization behavior. Especially, the microstructure in a film specimen plays an important role. Thus, knowledge based on radiation chemistry, physical chemistry, and polymer chemistry is necessary to be combined to understand the Preirradiation polymerization.
To elucidate Preirradiation polymerization of PTFE, an in situ and real-time structural analysis during polymerization is necessary. For that purpose, we employed a timeresolved small-angle neutron scattering (SANS) method, which is suitable to monitor chemical reaction-induced selfassembled structure [9] [10] [11] [12] [13] [14] [15] [16] [17] . Cold neutron utilized for SANS is largely advantageous for our in situ observation. An intrinsic energy of cold neutron is of order of 0.1 mev, which is comparable to the energy of thermal vibrations in a polymer chain. Therefore, irradiation of cold neutron does not damage a polymer film by causing a side reaction. Neutron is highly permeable into a quartz vessel in which radical polymerization occurs, because it is electrically neutral. Therefore, we are able to see in a reacting solution as it is living.
Our method to prepare a polymer electrolyte from PTFE involves three steps as indicated in Figure 1 (a): step (1) of crosslink reaction by electron irradiation at high temperature, step (2) of graft polymerization by Preirradiation of γ-ray, and step (3) of sulfonation of grafted PS polymer chains. In this paper, we investigated steps (1) and (2) by using SANS. As for step (1), we discuss microcrystal formation induced by crosslink of PTFE chains. In step (2), we quantitatively analyze time-resolved SANS monitoring Preirradiation graft polymerization. We found that Preirradiation process of step (2) proceeds by two steps: process I of thin layer formation by grafted PS chains surrounding a PTFE crystalline domain and process II of network formation among PTFE crystalline domains.
Experimental

Preirradiation Polymerization.
A crosslinked PTFE film, as referred to c-PTFE, was provided by Hitachi Cable co. ltd, which corresponds to step (1) by electron irradiation, in Figure 1 (a). PTFE in melt was crosslinked with elevating temperature close to T m . During cooling after crosslink, PTFE chains start to form a crystalline domain, which is tightly restricted by crosslink. As step (2), the c-PTFE film, which was sealed in a vacuum quartz vessel (Figure 2) , was irradiated at room temperature. γ-ray irradiation of 15 kGy dose was performed at the Japan Atomic Energy Agency (JAEA), Takasaki, Japan. During flowing an Ar gas, St monomer was poured into a test tube and graft polymerization was initiated in a oven controlled at 60
• C. Note that polymerization temperature of 60 • C is between melting (T m ) and glass transition (T g ) temperatures of PTFE (T m = 340 and T g = −73
• C, resp.) . Graft polymerization was also monitored by weighting a film during polymerization to determine a graft polymerization ratio as a function of polymerization time (t). A graft polymerization ratio is defined by W −W 0 /W 0 , where W 0 is a weight of film at t = 0. To control the ratio, St monomer was mixed with toluene. We examined three mixed monomers of St/toluene (100/0), (66/34), and (50/50) (wt%/wt%). SANS experiment was performed only on the c-PTFE with a mixed monomer St/toluene of (50/50) (wt%/wt%).
To perform time-resolved SANS observation on graft polymerization of the c-PTFE film, we prepared a special sample container, as shown in Figure 2 . A c-PTFE film specimen is set in a quartz vessel, which controls a film temperature with a precision of ±0.1
• C. At a top of the container, a three-way cock, made by pyrex glass, is attached in order to add St monomer and to control a vacuum condition. After γ-ray irradiation, the c-PTFE film, sealed in the sample container ( Figure 2 ), was quenched below −70
• C to avoid recombination of radicals and by spending several hours; it was transported to a research reactor JRR3 at Tokai for performing time-resolved SANS experiments.
Small-Angle Neutron
Scattering. SANS measurements were performed using focusing and polarized neutron ultrasmall-angle scattering spectrometer (SANS-J-II) at research reactor JRR3, at JAEA, Toki, Japan [18] . Monochromatic cold neutron (wavelength λ = 0.65 nm and Δλ/λ = 15%) was provided by a velocity selector. A measurement time for each snap shot of time-resolved SANS is 10 min. Smallangle scattering was detected by a two-dimensional 3 He position-sensitive detector having a sensitive area of 65 × 65 cm 2 (128×128 pixels). Using pinhole collimations, SANS-J-II covers q-region from 0.03 to 1.2 nm −1 by changing a sample-to-detector distances (10 m and 2.5 m), where q is the magnitude of a scattering vector as defined as q = (4π/λ) sin θ with scattering angle 2θ. The obtained twodimensional small-angle scattering was corrected as for a detector sensitivity and instrument background scattering. A secondary standard specimen of irradiated aluminum was used in order to obtain absolute scattering intensity.
As schematically shown in Figure 3 , a scattering geometry is "through view," where incident neutron passes a film along its normal vector. Vectors of incident and scattered neutrons ( k i , k f ) are almost parallel to the normal vector. Therefore, we observe microstructures in a film crossing along q-vector ( q), which is parallel to a film surface. It should be denoted that SANS observes microstructures in a reacting film, by averaging over a volume exposed for an incident neutron beam. A diameter of incident neutron is 8 mm φ, whereas a film thickness is 50 μm. Figure 4 shows a graft polymerization ratio [= (W-W 0 )/W 0 ] of c-PTFE determined for three mixed monomers of St/toluene (100/0, 66/34 and 50/50 wt/wt, resp.). A reaction rate for 100/0 and 66/34, which corresponds to an initial slope of (W −W 0 )/W 0 , is not influenced by mixing St monomer; a reaction rate for (50/50) decreases slightly. A graft polymerization ratio, on the other hand, is strongly influenced by mixing between St monomer and toluene. With increasing a toluene content, a graft polymerization ratio continuously decreases; it is about Step ( Step (2) 0.5 and 0.3 for St/toluene (100/0) and (50/50), respectively. It should be denoted that when a graft polymerization ratio reaches to 0.1, an ion conductivity across a film reaches to 0.06 S/cm, which is comparable to a Nafion [19] .
Experimental Results and Discussions
Graft Polymerization on Crosslinked Film.
Small-Angle Neutron Scattering
Step 1 (Microcrystal formation). The crystalline structures in the films of original PTFE without crosslink and crosslinked PTFE (c-PTFE) were examined by SANS. In Figure 5 , a film specimen of the original PTFE shows SANS asymptotically changing according to q −1 in low q and q −4 in high q. The asymptotic q-behavior of q −1 is attributed to a needle shape of PTFE crystalline domains, whereas that of q −4 is attributed to a sharp interface between amorphous and crystalline domains (Porod law). As shown in (see, [20, International Journal of Polymer Science SANS obtained for the c-PTFE film exhibits a scattering maximum at q m , (= 0.014 A −1 ), which corresponds to an interdomain distance L = 450 A (= 2π/q m ). In high q, SANS decreases monotonously according to q −4 . In low q, an asymptotic decay changes into q −1 . As compared to the original PTFE, q c for c-PTFE shifts toward high q, implying that R becomes smaller. Crosslink of PTFE chains induced in step (1) might pin crystallization and make crystalline domains smaller (microcrystal formation). Although the crystalline domain becomes smaller for the c-PTFE, a degree of crystallinity does not change as 40%, which is comparable to the original PTFE without crosslinks [21] . Decrease in crystalline domain size (R) with keeping a same crystallinity causes increase of total interface area; according to SANS analyses in a Porod q-region, the interface area for the c-PTFE film increases as a factor of 3.4, as compared to the original PTFE film.
Step 2 (In situ and time-resolved observation). Figure 3 schematically indicates a film specimen during graft polymerization and a scattering geometry. A sheet of irradiated c-PTFE film, the thickness of which is 50 μm, was immersed in the mixture of styrene and toluene (50/50 wt/wt). St monomers swells a film from its surfaces. Graft polymerization occurs from near the film surface, and a reaction frontier line (indicated by different colors in Figure 3 ) moves deeper into the film. During graft polymerization, SANS observes microstructures averaged over a sample volume, which is exposed by an incident neutron beam.
Graft polymerization of step (2) was monitored by timeresolved SANS. Time-dependent SANS q-profiles are shown in Figure 6 . After an incubation time of several hours, SANS obtained for reacting c-PTFE starts to increase in its intensity, keeping its q-behavior identical to that before polymerization. However, if we carefully observe SANS after about 200 min, we found that the polymerization time increases as follows. First, q m slightly shifts toward lower q, which corresponds to change in L (= 2π/q m ). We evaluated L = 440 and 520 A at 200 and 600 min, respectively. Secondly, the asymptotic q-behavior in low q, which was estimated by a power law α according to q −α , becomes slightly steeper. Figure 7 shows q-positions of q m and power law α obtained in low q as a function of polymerization time. From 0 < t < 200 min (we denote region (I)), q m remains constant, whereas for t > 200 min (we denote region (II)), q m starts to shift to low q. A similar tendency was found for α; in region (I), α is constant (α = 1), whereas in region (II), α starts to increase to α = 2.5 from 1.
In high q, SANS q-profiles obtained at different polymerization times show an asymptotic decay according to q −4 , which is a Porod law, attributed to formation of sharp interface. Before starting graft polymerization, the Porod law originates from a sharp interface between crystalline and amorphous PTFE domains in a c-PTFE film. A difference in density between crystalline and amorphous PTFE domains causes a scattering contrast (Δρ 1 in Figure 8 ). After staring graft polymerization, the PS chains, grafted at the interface of crystalline domain, segregate from both of amorphous and crystalline PTFE domains and result in a sharp thin PS layer (a black region in Figure 8 ). The sharp interface of thin PS layer again causes small-angle scattering according to q −4 .
Model Analysis on SANS. In order to quantitatively discuss time-resolved SANS, we employ a scattering model considering a core/shell structure for a grafted crystalline domain; a core and shell correspond to crystalline PTFE domain and grafted PS thin layer. In a PTFE film specimen, ellipsoidal crystalline domains are dispersed in an amorphous matrix. The cross-section of crystalline domain is denoted as R 1 in Figure 8 . Because of difference in density between crystalline and amorphous PTFE domains (ρ d = 2.0 and 2.3 g/cm 3 , resp.), scattering length densities for crystalline core and amorphous matrix are given as ρ = 4.91×10 10 cm −1 and ρ = 4.32 × 10 10 cm −1 , respectively. Therefore, a scattering contrasts are given as Δρ 1 = 0.59 × 10 10 cm −1 . After starting graft polymerization, a crystalline domain starts to be covered with a thin layer of grafted PS (a black 6 International Journal of Polymer Science region in Figure 8) .The cross-section of crystalline domain covered with PS is given by R 2 . The thickness of thin PS layer (= (R 2 − R 1 )/2) might be approximated to be negligibly thin and therefore R 1 ∼ = R 2 . This is because q m , as shown in Figure 7 (b), does not largely change before and after graft polymerization. According to SANS observations in a Porod q-region at high q (shaded q-region in Figure 6 ), PS graft chains segregate from PTFE domains so that the interface between core and shell is flat and sharp.
Small-angle neutron scattering intensity I(q) is composed of a form factor for needle-shape microcrystal covered with a PS thin layer F(q) 2 and its structure factor S(q), which describes a spatial distribution of the microcrystals. I(q) is given by
where n c and V c are a number density and volume of a PTFE microcrystal. K in (1) denotes an instrument constant. The scattering maximum at q m observed in Figures 5 and 6 is attributed to an interparticle interference resulting in S(q).
A Porod q-behavior of q −4 found at high q is attributed to
In our analysis, we postulate that n c and V c do not change during graft polymerization. For a microcrystal covered with a PS thin layer (see Figure 8) , we obtain F(q) 2 , as follows:
where f (q, R) describes a form factor of ellipsoid domains with a minor axis R. If we employ Δρ 2 = 0 in (2), we obtain f (q) for a crystalline domain without a PS thin layer. At the beginning of graft polymerization with R 1 ∼ = R 2 , (1) is rewritten as
In a Porod q-region, we approximate f (q, R) as follows:
where S V is a total surface area of all PTFE crystalline domains in a scattering volume. According to an illustration in Figure 3 , describing the graft polymerization of PS in a film specimen, a monomer diffuses into the film from its surface and the reaction starts to occur from near the film surface. In a course of graft polymerization, first PTFE microcrystals, existing near the film surface, are covered by PS chains. The PTFE microcrystals, existing deeply in the film, are not covered. To describe this situation, we introduce a parameter φ(t), which gives a fraction of covered PTFE microcrystals during graft polymerization. Then, small-angle scattering in a Porod q-region is given by
According to (5), we find that time evolution of SANS intensity in a Porod q-region is proportional to φ(t). By using (5), we examined a Porod q-region and evaluated φ(t) (Figure 7) . From the beginning of graft polymerization, φ(t) starts to increase and finally after t = 600 min it reaches to 40%. On the other hand, α and q m , which start to increase from t = 200 min, become time independent at t = 600 min.
On a basis of time-resolved SANS observation and its model analysis, we illustrate a mechanism of graft polymerization in the c-PTFE film. We consider two processes (I) before t = 200 min and (II) after t = 200 min, based on time evolution of q m and α. In process (I), the grafted PS forms a thin layer at the interface of PTFE crystalline domain. A thin layer grows along on the interface of crystalline PTFE domain. The increase of SANS intensity in process (I) is attributed to the increase of φ(t) (or S V , φ(t), total surface area covered by PS graft chains). The area of process (I) starts to appear first near the film surface and migrates deeper into the film. In process (I), the interdomain distance L (= 2π/q m ) between crystalline PTFE domains does not change (as observed by q m in Figure 7 ). As shown in Figure 4 , a graft polymerization ratio reaches to about 0.2 in a process (I), which results in sufficiently large ion conductivity (∼0.06 S/cm) for a film thickness direction.
In process (II), it is supposed that the grafted PS chains (or thin layer) form a bridge between crystalline PTFE domains. The bridges, growing toward a direction along a normal vector of the interface, percolate among crystalline PTFE domains. A power law α determined by SANS might be interpreted as mass fractal dimension (d m ) of PS percolation, where d m is identical with α (α = d m ) [22] . In process (II), the interdomain distance L (= 2π/q m ) starts to slightly increase.
To largely swell a PTFE film during Preirradiation graft polymerization, deformation and breakage of a PTFE film are necessary. When PTFE is irradiated by ionizing radiation below a melting temperature (T < T m = 340
• C), a PTFE chain suffers from scission. According to electron-spin resonance (ESR), β-scission dominantly occurs and an end-chain radical is created [23] . It is reported that, at t = 200 sec after γ-ray irradiation, a molar fraction of end-chain radical is maximized and, at 8000 sec, it is stabilized. The end-chain radical is transferred to another chain to cause successive β-scission. Thus, PTFE chains are segmented. We suppose that process (I) found by SANS corresponds to a time domain of β-scission.
Due to strong segregation between grafted PS and PTFE, a thin layer of grafted PS has a sharp interface, which results in small-angle scattering of q −4 . The mixed solvent of toluene, which is a good solvent for PS, swells the PS thin layer so that St monomer diffusion might be more smoothly in the PS thin layer. The mobility of PS chain is also enhanced so that recombination termination becomes more frequent, which decreases a graft polymerization ratio and its rate, as shown in Figure 3 . It is reported that if we mix a poor solvent (such as alcohol or water) with St monomer, a graft polymerization ratio is increased as compared to a good solvent (e.g., toluene used in this study) [24] . A poor solvent Decreases a swelling degree of PTFE film, so that the mobility of grafted polymer chains is also decreased.
